Alloreactive T lymphocytes are the primary mediators of immune responses in transplantation, both in the graft-versus-host and host-versus-graft directions. While essentially all clones comprising the human T cell repertoire have been selected on selfpeptide presented by self-human leukocyte antigens (self-HLAs), much remains to be understood about the nature of clones capable of responding to allo-HLA molecules. Quantitative tools to study these cells are critical to understand fundamental features of this important response; however, the large size and diversity of the alloreactive T cell repertoire in humans presents a great technical challenge. We have developed a high-throughput T cell receptor (TCR) sequencing approach to characterize the human alloresponse. We present a statistical method to model T cell clonal frequency distribution and quantify repertoire diversity. Using these approaches, we measured the diversity and frequency of distinct alloreactive CD4 + and CD8 + T cell populations in HLA-mismatched responderstimulator pairs. Our findings indicate that the alloimmune repertoire is highly specific for a given pair of individuals, that most alloreactive clones circulate at low frequencies, and that a high proportion of TCRs is likely able to recognize alloantigens.
Introduction
Alloreactive T lymphocytes are the primary mediators of the alloreactive immune response in transplantation, both in the graft-versus-host and host-versus-graft directions. Fundamental questions about alloreactive T cells have long challenged immunologists because of data suggesting considerable size and diversity of alloreactive T cell populations, classically estimated to be 1%-10% of the entire T cell repertoire (1) . The early studies that led to these widely quoted values along with many other observations about the alloresponse, however, were performed a decade or more ago (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Furthermore, most studies investigating the T cell alloresponse have been in mice, given the need for transgenic tools and other techniques not feasible in humans (13) .
The recent advent of high-throughput T cell receptor (TCR) sequencing (14) (15) (16) has led to the emergence of new approaches for studying human alloreactive T cell populations. High-throughput sequencing of the third complementarity-determining region (CDR3) of the TCR β chain, a key region for defining antigen specificity, enables identification of the nucleotide sequence defining each unique T cell clone. Using TCR sequencing combined with a standard in vitro functional assay, the mixed lymphocyte reaction (MLR), we have developed a tool for identifying thousands of alloreactive TCR sequences in humans for any given pair of human leukocyte antigen-mismatched (HLA-mismatched) individuals. We have previously validated the biological relevance of such clones in a small cohort of kidney transplant patients in whom we were able to identify before transplant and then track after transplant the donor-specific T cells for each recipient (17) . Analysis of intragraft T cells in intestinal transplant recipients provided further validation of the biological significance of clones identified as alloreactive with this assay; expansions of host-versus-graft clones predominated among recipient TCRs in the grafts during rejection episodes and donor clones identified as graft-versus-host-reactive expanded markedly in association with infiltration of the grafts by recipient antigen-presenting cells (18) . We have now applied this approach to pairs of HLA-mismatched healthy adults to quantitatively characterize specific aspects of the human alloimmune response.
Alloreactive T lymphocytes are the primary mediators of immune responses in transplantation, both in the graft-versus-host and host-versus-graft directions. While essentially all clones comprising the human T cell repertoire have been selected on self-peptide presented by selfhuman leukocyte antigens (self-HLAs), much remains to be understood about the nature of clones capable of responding to allo-HLA molecules. Quantitative tools to study these cells are critical to understand fundamental features of this important response; however, the large size and diversity of the alloreactive T cell repertoire in humans presents a great technical challenge. We have developed a high-throughput T cell receptor (TCR) sequencing approach to characterize the human alloresponse. We present a statistical method to model T cell clonal frequency distribution and quantify repertoire diversity. Using these approaches, we measured the diversity and frequency of distinct alloreactive CD4 + and CD8 + T cell populations in HLA-mismatched responder-stimulator pairs. Our findings indicate that the alloimmune repertoire is highly specific for a given pair of individuals, that most alloreactive clones circulate at low frequencies, and that a high proportion of TCRs is likely able to recognize alloantigens.
While previous studies have primarily focused on functional assays (19) or the pattern of usage of TCR β chains in the alloresponse (20) , we set out to measure the size and diversity of CD4 + and CD8 + alloreactive populations at the nucleotide level. We compared repertoires of one individual in response to multiple different potential donors in the context of varying degrees of HLA mismatching. To address these quantitative questions, we have developed a TCR repertoire diversity measurement to focus specifically on the bulk of the clonal distribution, providing information not captured in previous diversity calculations such as clonality and entropy (17, 21) . Furthermore, we interrogated circulating T cell populations to evaluate frequency and abundance of alloreactive clones.
One of the central questions in studying T cell populations is how to contextualize results from a single blood sample that captures only a snapshot of the entire repertoire. Based on approaches developed in ecology to study population diversity, different strategies have been proposed to address the unseen species question (14, 22) . Here we present a new computational approach to model T cell clonal frequency distribution. Using this model, we seek to extrapolate the circulating frequency of unseen alloreactive clones. We apply this approach to assess the cumulative frequency of alloreactive clones to estimate the proportion of clones with potential for alloreactivity.
Results

Identification and qualitative characterization of human alloreactive T cell populations via high-throughput TCR
sequencing. Using high-throughput TCRβ CDR3 sequencing, we defined circulating (unstimulated sorted T cells) and alloreactive CD4 + and CD8 + T cell populations from healthy adults. We studied 9 distinct HLA-mismatched pairs, 2 with repeat samples obtained 1 year apart (summary statistics included in Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.121256DS1). Individual alloreactive repertoires were identified for individual HLA-mismatched responder-stimulator pairs via our recently published method (17) combining the in vitro carboxyfluorescein succinimidyl ester (CFSE) mixed lymphocyte reaction (MLR) with TCRβ CDR3 sequencing of those T cells that divide in response to the alloantigens of a specific stimulator. Alloreactive populations included thousands of unique CD4 + and CD8 + clones, approximately one-tenth of the number of individual clones found in circulating unstimulated CD4 + and CD8 + samples ( Figure 1A ). In order to be considered alloreactive, we required 2-fold expansion relative to the frequency of the clone in the unstimulated repertoire to minimize the effects of bystander proliferation and sorting error. An unsupervised clustering analysis (Supplemental Figure 1 ) confirmed a clear distinction between presumably alloreactive and nonalloreactive clones using the 2-fold-expansion criterion. Importantly, clones failing this fold-expansion requirement were generally low frequency clones in the allostimulated populations ( Figure 1B and Supplemental Figure 2 ). High diversity of the alloreactive T cell repertoire. We performed sequencing on CD4 + and CD8 + T cells separately, allowing for key comparisons between the 2 distinct repertoires. Consistent with prior studies (20, 22) , the alloreactive populations were not only composed of large numbers of unique clones ( Figure 1A ), but were also qualitatively diverse in terms of CDR3 amino acid length and Vβ-and Jβ-gene usage. Since the structure of the TCR is determined in part by the number of amino acids that gives rise to the CDR3 region, we compared the distribution of CDR3 amino acid lengths between the unstimulated and alloreactive populations and found no significant difference (Figure 2 , A and B, and Supplemental Figure 3) . Additionally, both CD4 + and CD8 + alloreactive repertoires reflected marked heterogeneity in V-and J-allele pairing ( Figure 2C and Supplemental Figure 4) . Although some expanded clones were identified, particularly in the CD8 + samples, alloreactive populations were not dominated by any single Vβ or Jβ family.
We next sought to measure differences in clonal composition between the alloreactive and unstimulated repertoires, where each clone is defined by its distinct nucleotide sequence. To visualize the clonal diversity for each distinct T cell population, we created abundance plots, shown in Figure 3A and Supplemental Figure 5 , key diagrams for illustrating the distribution of clone frequency in the TCR population. In the abundance plot, each point represents the number of individual clones at a given frequency on a logarithmic scale. The left-most portion of the graph covering the low frequency region is limited by the depth of sequencing. In the unstimulated repertoire, large numbers of clones are found at low frequencies, while allostimulation shifts the entire curve to the right due to the expanded nature of the population.
In an attempt to quantitatively compare CD4 + and CD8 + alloreactive and unstimulated populations, we calculated 2 metrics for the diversity of TCRs. The first is clonality, which is based on Shannon entropy (17, 21) , with normalization for sample size. Clonality has a range from 0 to 1, where a clonality of 1 is the least diverse, corresponding to a population consisting of a single clone. Maximum diversity corresponds to a clonality of 0, with all clones present at the same frequency. A striking difference between the unstimulated CD4 + and CD8 + repertoires is that the clonality of CD4 + cells is markedly lower than that of CD8 + cells ( Figure 3B ), likely due to the increased number of expanded clones in the circulating CD8 + pool ( Figure 3A ). After allostimulation, however, the clonalities of the expanded CD4 + and CD8 + populations were much more similar. The clonality of alloreactive CD8 + cells was only slightly greater than that of the alloreactive CD4 + cells ( Figure 3C ). The second diversity metric is R20. R20 is defined as the fraction of unique clones, in descending order of frequency, that cumulatively account for 20% of the sequenced repertoire: the higher the R20, the less immunodominance there is in a population. The R20 values in Figure 3D show that the unstimulated CD8 + pool includes a dominant population of high frequency clones, whereas unstimulated CD4 + cells have much higher R20s and therefore less immunodominance within the population. The R20 values are markedly reduced for alloreactive compared with unstimulated CD4 + T cells, while a significant trend in the opposite direction was observed for alloreactive compared with unstimulated CD8 + cells, i.e., the R20 value for allostimulated CD8 + cells, while quite low, was greater than that of the unstimulated CD8 + population. When specific dominant clones (frequency > 0.1% in the unstimulated population) were examined in the stimulated versus unstimulated populations, there was very little overlap (Supplemental Table  2 ), indicating that most immunodominant clones in the alloresponses were not immunodominant in the unstimulated populations.
A quantitative tool for measuring T cell repertoire diversity: power law slopes. These 2 methods, clonality and R20, are nonparametric metrics for clonal diversity that do not include assumptions of a statistical distribution of clonal abundance. While this nonparametric approach is relatively robust with regard to limitations in sampling, it does not fully utilize the information contained in the shape of the actual distribution. As a result, it has limited ability to distinguish repertoires that are qualitatively different based on biological information. In particular, alloreactive populations are by definition less diverse than their associated unstimulated populations, yet this is not always reflected in the clonality or R20 estimates; while the clonality of alloreactive CD4 + cells is, as expected, significantly increased compared with that of the unstimulated CD4
+ cells, such a difference is lacking in the CD8 + cells ( Figure 3E) ; the same issue is seen for R20 ( Figure  3D ). The increased clonality (and decreased R20) of unstimulated CD8 + cells is apparently driven by a small group of highly abundant or dominant clones, as seen in the abundance distribution ( Figure 3A and Supplemental Figure 5 ). This motivated us to design a new method to measure diversity based on the shape of clonal abundance distribution.
Specifically, we observed that in the abundance plot of clonal size versus frequency (both in log scale), the bulk of the distribution follows a straight line ( Figure 3A) , implying that the frequencies of clones of a given size are not random, but reflect a constant relationship among the clones that holds for a large proportion of the repertoire. This is known as a power law distribution (23) . In a power law distribution, the slope (S), as illustrated in Figure 3F , corresponds to the exponent in the power law and in effect is a measure of population diversity. We therefore present S as a tool for quantifying TCR repertoire diversity: the greater the absolute value of the slope, the greater the diversity.
In a highly diverse population, if one were to sample at random a T cell from this population it would likely be a rare clone with low frequency. As a population approaches maximal diversity (all cells are from distinct and rare clones), the power law slope becomes progressively steeper with fewer and fewer highly abundant clones on the right side of the x axis and higher y values (number of unique clones) on the left side of the distribution. In contrast, a population with relatively fewer rare clones but more abundant clones has a power law slope approaching a horizontal line (slope = 1). These extreme cases illustrate that the greater the slope, the greater the diversity of the repertoire. The slope (Δy/Δx) is indicative of the difference between the number of rare clones on the left side of the distribution and the number of highly abundant clones on the right side. The larger the slope value, the higher the y intercept, and thus the greater the abundance of rare clones circulating at low frequency in the population, consistent with greater diversity. Using S, we can see that the diversity of the unstimulated CD8 + population is indeed much higher than that of + pair (n = 9). (D) Box plot (maximum to minimum) comparing fraction of clones accounting for top 20% of reads (R20) in unstimulated and alloreactive populations (samples described in B and C; unpaired t test com-
allostimulated CD8
+ cells, which is biologically reasonable but not evident in the clonality or R20 analyses ( Figure 3G ). S also captures the increased diversity of unstimulated CD4
+ cells compared with unstimulated CD8 + cells and alloreactive CD4 + cells, comparable to results of clonality ( Figure 2E ). Furthermore, we performed subsampling analyses to demonstrate that S is robust with regard to changes in the number of clones sampled above a certain minimum (Supplemental Figure 6A ). While the x intercept migrates with variations in the number of cells sequenced, the slope itself remains reasonably constant (Supplemental Figure 6B ) except for the ultralow range (<10 4 cells). S focuses on the majority of clones in a population, but as a diversity tool must be used in combination with other approaches that analyze the top expanded clones in a population (highlighted in a distinct color in Figure 3F ) to fully describe the entire sequenced repertoire. Additionally, it is a tool that is only relevant in a population that indeed follows a power law distribution.
Taken together, our diversity analyses support the highly diverse nature of both for CD4 + and CD8 + alloreactive populations without a dominant CDR3 length or Vβ/Jβ family, most accurately quantified with the diversity measurement S. The human alloreactive repertoire is highly allospecific. We compared the alloreactive repertoire for 1 responder to 2 different stimulators, hypothesizing that the pool of clones reacting to 1 specific HLA-mismatched stimulator would be highly distinct from that responding to another, HLA-disparate, stimulator. For 3 individual responders (designated R 1 , R 2 , R 3 ), we compared the alloreactive repertoire generated in response to 3 pairs of different stimulators (designated S 1 -S 5 ) with extensive HLA mismatching compared with the responder. Scatter plots showing the number of individual clones shared between the 2 distinct alloreactive repertoires confirms their disparate nature for both CD4 + and CD8 + T cell repertoires ( Figure 4A ). A standard quantitative measure of repertoire overlap is Jensen-Shannon divergence (JSD) (24, 25) , a tool that accounts for both clone number and frequency and is normalized on a scale of 0 to 1: a JSD of 1 indicates that all clones in 2 populations are distinct. A small group of high frequency shared clones was detected in the CD8 + repertoires of 2 of the 3 pairs (red in Figure 4A ). We computed the corresponding JSD and found an associated decrease between repertoires among top clones ranked by frequency ( Figure 4B ). Notably, the stimulators in these 2 pairs (S 3 and S 4 ; S 1 and S 5 ) shared 2 of 6 class I HLA alleles that were not shared by the responder. Furthermore, when the 2 stimulators shared no HLA-A, -B, or -C alleles (S 1 and S 2 ), the identified alloreactive repertoires were nearly entirely distinct ( Figure 4B ). These findings not only support the highly allospecific nature of the alloreactive repertoire for each responder-stimulator pair, but also suggest that some clones shared across repertoires may arise from shared HLA alleles between stimulators.
Relationship between alloreactive repertoire diversity and HLA disparity. We hypothesized that the extent of HLA allele matching between the responder and stimulator (schematized in Figure 4C ) would affect the diversity of the alloresponse. To compare overall repertoire diversity, we used S to measure differences between the alloreactive repertoire generated in response to different degrees of HLA matching in a small group of pre-kidney transplant samples from patients who received haploidentical related donor transplants. We were able to compare S between the haploidentical donor stimulators and unrelated fully HLAmismatched stimulators ( Figure 4D and Supplemental Figure 7A ). In the setting of greater HLA disparity between responder and stimulator, we identified a greater repertoire diversity as defined by a greater slope (S) ( Figure 4E ) and by higher R20 and lower clonality (Supplemental Table 3 ). When the HLA disparity was less marked between the responder-stimulator pairs (2 unrelated stimulators sharing 0-1 allele in class I [HLA-A, -B, -C] and/or 0-2 alleles in class II [HLA-DR, -DQ]), S was similar between the 2 samples for both CD4 + and CD8 + cells (Supplemental Figure 7B) . Lack of evidence for dominant antiviral reactivity in the alloreactive repertoire. Many human virus-reactive clones have been shown to have cross-reactive alloreactivity (26) . We therefore interrogated our alloreactive repertoires for known public (identified in 2 or more individuals) clones cross-reactive to viral antigens and alloantigens. Literature review yielded previously identified public clones reactive to EBV (n = 25), CMV paring across alloreactive and unstimulated samples, otherwise paired t test, P = 0.01); tabulated values in Supplemental Table 4 ). We then looked for those clones in our unstimulated and alloreactive repertoires (without fold-expansion criteria), hypothesizing that some of the dominant clones failing fold-expansion criteria were cross-reactive to viral antigens. We found 24 clones matching the same amino acid sequence of the CDR3 region of the public clones in our alloreactive populations, but only 7 clones with the same V and J gene and 10 associated with the same HLA type previously associated with the public clone (Supplemental Table 5 ). A majority of those clones were CD8 + and all were associated with EBV or influenza A. None of the clones were present at high frequency, either in the unstimulated repertoire (Supplemental Table 6 ) or alloreactive repertoire (Supplemental Table 5 ). We also looked for the public clones in the alloreactive repertoire of the pre-kidney transplant subjects and again few public virus-reactive clones were identified (Supplemental Table 5 ). Of the 7 likely virus-reactive clones identified in both the unstimulated and CFSE lo populations in MLR, 5 did not meet the 2-fold-expansion criterion, perhaps because these clones were bystanders rather than truly alloreactive; furthermore, the frequency of these clones in the unstimulated population was less than 0.01%. Overall, our results do not support a role for virus-reactive clones playing a major role in the identified alloreactive repertoires.
Alloreactive T cells are primarily low frequency clones in circulation. Our high-throughput sequencing approach enabled investigation of the baseline circulating frequency of those clones. Here, we introduced a minimum-frequency threshold of 10 -5 in MLR for identifying alloreactive clones to help ensure that those clones meeting the 2-fold-expansion criterion were not simply included because their frequency in the unstimulated repertoire was undetectable. Strikingly, we found that the circulating frequencies of most alloreactive clones were so low in the unstimulated CD4 + and CD8 + populations that most were not detected via deep sequencing ( Figure 5A and Supplemental Figure 8 ). Histograms highlighting the alloreactive clones detected within the unstimulated repertoire show the presence of only a few clones at frequencies greater than 10 -3 , mostly among CD8 + cells, while the overwhelming majority of alloreactive clones seem to circulate at very low frequency.
An approach to estimate the total frequency of unseen alloreactive clones. The cumulative frequency of CD4 + and CD8 + alloreactive clones detected in circulation accounted for 0.83% ± 0.73% and 0.76% ± 0.75% of all clones, respectively (mean ± standard deviation) ( Figure 5B and Table 1 ). While fold-expansion and minimum-frequency criteria affected this result to varying degrees (Supplemental Figure 9) , we sought an analytic strategy that could include the greatest number of clones most likely to be alloreactive.
Since this total frequency calculation only includes the very small percentage of alloreactive clones detected in the unstimulated population in a given experiment, frequencies of the majority of alloreactive clones in unstimulated circulating populations were below the threshold of detection achieved with current deep sequencing platforms. To estimate the total frequency of undetected clones for a given experiment, we developed a statistical model, schematized in Figure 5C and described in detail in the Methods section, that describes the frequency distribution of alloreactive clones detected within the circulating repertoire by a power law. The slope of the power law is then used to extrapolate the average frequency of undetected clones (Table 1 and Supplemental Figure 10 ) under the assumption that the clonal frequency of undetected clones continues to obey a power law. Multiplying this estimated average clone frequency by the number of undetected clones, we calculated an additional frequency of 1.5% ± 0.69% for CD4 + and 0.53% ± 0.31% for CD8
+ cells ( Figure 5B ). We refer to this method as parametric because it utilizes a fitted power law distribution for clonal abundance.
This approach allowed us to examine the combined total frequency of alloreactive clones in an individual that responded to 2 different allogeneic stimulators. Because these repertoires shared so few overlapping clones, when we assessed the sum frequency of both detected and undetected alloreactive clones, the total frequency of all alloreactive clones to 2 different stimulators was nearly twice that of the allostimulated population in response to 1 stimulator alone ( Figure 5D ). Figure 7A shows individual slope plots for each subject (n = 4); raw data included in Supplemental Table 3 along including clonality and R20. + and CD8 + alloreactive clones detected in the corresponding unstimulated CD4 + and CD8 + populations (light blue and light red, respectively) and the total estimated frequency of alloreactive clones: sum frequency of detected clones with added sum frequency of Thus, our model enabled the estimation of the total frequency of both detected and undetected alloreactive clones within the unstimulated repertoires. Applying this strategy, we observed that a substantial fraction of the circulating TCR repertoire (0.5%-6%) responded to just 2 different allogeneic stimulators.
frequency (JSD
0 = complete overlap; JSD 1 = complete divergence). HLA matches between stimulators shown for class I; for class II, 0 or 1 of 4 (HLA-DR
Discussion
Observations about the potent immune phenomenon that mediates both allograft rejection and graft-versus-host disease emerged primarily from rodent and other nonhuman animal studies prior to the highthroughput sequencing era. Our work seeks to build on the previous findings about the alloresponse in humans via analyses of alloimmune T cells using a sequencing approach. Our results help to quantitatively define central features of the human T cell alloreactive repertoire. We provide fundamental information about the diversity and frequency of CD4 + and CD8 + alloreactive clones and in so doing have developed a tool for measuring T cell population diversity that captures distinct aspects of the repertoire not highlighted by existing methods. Here, we also provide insight into the role of HLA disparity in alloreactivity and investigate public virus-reactive TCRs within the alloresponse. Furthermore, we propose a statistical model to address the unseen species question to estimate the frequency of alloreactive clones not detected in a given experiment. Taken together, the results of our study of the human alloresponse suggest that many, if not all, T cell clones have the potential to be alloreactive.
Alloreactive clones could not be differentiated from the unstimulated repertoire on the basis of fundamental features such as CDR3 length or Vβ/Jβ-gene usage. These results are consistent with previous observations about the lack of dominant CDR3 length or Vβ/Jβ-gene usage within alloreactive T cell populations (27, 28) . While this diversity is part of what makes the alloresponse difficult to target in the clinical setting, it suggests that there may not be anything distinct about the structure of an alloreactive TCR that inherently denotes a given clone as having alloreactive potential. Similarly, we identified minimal overlap between alloreactive TCRs and known public virus-reactive clones implicated in the response to pathogens, suggesting that alloreactive clones are not distinguished by a particular prior immunologic role. The ontogeny of alloreactive T cells has been somewhat enigmatic (29) . Our current understanding reflects the inherent recognition of MHC/peptide by TCR structures and the flexibility in the configuration of TCR interactions with alternative ligands (30) (31) (32) (33) (34) . Consequently, T cells have the potential to interact with more than one HLA/peptide pair, a phenomenon known as degeneracy. It is this capacity for cross-reactivity that may explain the high probability that a given T cell clone will have alloreactivity. Indeed, the T cell clones in any given individual are selected on self-antigens and not alloantigens in the thymus and thus by definition alloreactivity can be thought of as an incidental function arising from the degeneracy of the TCR.
The great potential for alloreactivity across the T cell repertoire is reflected in the vast diversity of the alloreactive population. Because this study focused on healthy adults without known prior exposure to alloantigens, the frequency distribution of alloreactive clones ranged from rare, presumably capturing naive T cells, to highly abundant, presumably capturing cross-reactive memory clones ( Figure 3A) . It is this diversity that necessitated the creation of a tool to make accurate quantitative comparisons capturing the abundance of these clones. As the number of TCR sequencing studies continues to grow, it is essential that we have the necessary tools to quantitatively compare key aspects of T cell populations. The available methods for measuring TCR diversity, such as clonality, Simpson's index, and entropy, emerged predominantly from the ecology literature. While these tools are valuable for comparing overall population diversity, they are each affected by the presence of expanded/dominant clones and do not describe the nature of the physical distribution of a population.
Prior studies have highlighted the greater diversity of CD4 + populations compared with CD8 + cells (21, 35) . Our results show a similar pattern in peripheral blood T cells ( Figure 3B ), which is likely due to a small number of highly dominant clones in the CD8 + circulating population as captured by the R20 analysis. These few abundant clones thereby crowd out the lower frequency clones and thus lead to a functionally smaller CD8 + T cell compartment. These clonal expansions create a statistical challenge when analyzing repertoire size and diversity. A clear example of this is the failure of clonality or R20 to unseen alloreactive clones (dark blue, dark red). Unseen frequencies of alloreactive clones calculated via the statistical model schematized in C and further described in the supplemental methods (n = 9 alloreactive, n = 6 unstimulated, individual values included in Table 1 ). (C) Schematic illustrating statistical model used to estimate average frequency of alloreactive clones not detected within the circulating population. (D) Cumulative frequency of detected (solid fill bars) and undetected (unfilled bars) alloreactive clones for 1 responder to 2 distinct stimulators (n = 3, corresponding to sample pairs shown in Figure 3A ; "A," "B," and "C" on the x axis refer to each different responder).
accurately capture the increased diversity of the unstimulated CD8
+ pool compared with alloreactive clones. We therefore developed a diversity measurement, S, that emphasizes the bulk of the TCR population rather than the expanded, highest frequency clones ( Figure 3F ) and thereby does distinguish the diversity of the unstimulated CD8 + repertoire from that of alloreactive CD8 + cells. S is a diversity measure that focuses on the majority of clones within a population, highlights fundamental features of the T cell repertoire not identified via existing diversity calculations, and is robust with regard to variations in sample size. Furthermore, a major advantage of S as a measure of T cell repertoire diversity is that it describes the physical distribution of a population such that it can be recreated and used for statistical modeling, which we apply in our approach for estimating the frequency of unseen clones. S emerges from the confirmation that the power law is the best model to describe the distribution for the bulk of TCR clones (22, 25) . The steepness of S reflects the difference in the number of rare clones on the left side of the distribution in an abundance plot compared with the number that are highly frequent on the right. As S increases, so does the proportion of clones within a population that are low frequency or rare, consistent with greater diversity. Using S, we are able to assess the relationship between HLA mismatching and alloresponse diversity, obtaining results supporting the notion that a greater number of potential alloantigens in the HLA-mismatched setting results in a more diverse alloreactive repertoire. However, our sample size was limited and further work will be necessary to discern how the extent and structure of matched class I and class II alleles affects both CD4 + and CD8 + alloreactive repertoire diversity.
The question of how many clones are indeed alloreactive has been longstanding. Original estimates were all impressively large and classically cited as 1%-10% of the entire T cell repertoire. While techniques and species varied, many estimates arose from in vitro functional assays in rodents (4, 6, 7, (36) (37) (38) , though one of the earliest studies was based on a the classical MLR with human cells (39) and another was performed in chickens (5) . While transgenic approaches enabled more sophisticated approaches in rodents (12), functional assays, with their many limitations, have been the main approach in humans (9) . With the development of the CFSE-MLR, new analytic techniques emerged to quantify precursor frequencies of alloreactive cells based on the dilution of CFSE (11, 19) . A major limitation of this approach is that the quantification occurs at the end of the multiday assay and thereby the denominator excludes the large fraction of clones that die each day in the MLR due to lack of antigenic stimulation. An advantage of our approach is that we are able to look at the original circulating frequency of alloreactive clones by interrogating the unstimulated population. Although our estimates are biased for identifying high frequency and thereby likely memory clones in the unstimulated circulating pool Results of running the parametric model including power law slope and the sum frequency of both observed and unseen alloreactive clones. Alloreactive clones were defined as those meeting 2-foldexpansion criterion with minimum-frequency threshold 10 -5 within stimulated population.
A
Indicates that responder-stimulator pair was repeated at subsequent time point.
due to the limited depth of sequencing and number of clones sequenced, they are overall consistent with previous estimates based on functional readouts alone. It was striking that most alloreactive clones identified in MLRs were not detected in our unstimulated T cell populations from the same sample. This again supports the notion that alloreactive clones, though highly abundant, are not specifically expanded within the circulating T cell pool. It was therefore necessary to develop a statistical model to incorporate such clones into our frequency estimates. The only studies that we are aware of that estimate TCR repertoire size from a high-throughput sequencing approach are the nonparametric method proposed by Robins et al. in 2009 (14) and the parametric method proposed by Laydon et al. in 2015 (22) . Most nonparametric approaches rely on accurate quantification of rare clones, which are the least well sampled and the most prone to error during sequencing. Thus, deriving good estimates from these methods requires a large sample size of several million clones that is not available in a typical study. The parametric method in this study does not presume to know a true repertoire size, but instead utilizes measurable quantities: power law slopes and clones that are not shared between the unstimulated and alloreactive populations. Because we base alloreactive clone identification on only a single MLR experiment for each pair, we recognize that our results may underestimate the total frequency of alloreactive clones that could potentially be identified via multiple MLRs. Importantly, our statistical approach to extrapolate the circulating frequency of a population of unseen clones has a broad range of applications for TCR sequencing analysis in any setting in which only a sub group of clones is identified within a circulating T cell population.
Notably, a sequencing approach enabled demonstration of the allospecificity of a given repertoire of clones for one responder paired with a unique stimulator. One interesting trend that emerged is the sharing of CD8 + clones when stimulators shared HLA class I alleles. Further structural analysis will be needed to investigate whether shared HLA/peptide complexes presented by the stimulators are the alloimmune response targets of the responder T cells. Furthermore, because the repertoire identified for each responderstimulator pair was distinct, we were able to quantify the cumulative frequency of alloreactive clones for 1 adult donor against 2 separate stimulators. These total frequencies were nearly twice that of each individual alloreactive repertoire. If one were to continue to add together the cumulative frequency of alloreactive clones for one responder to many different stimulators of all possible HLA mismatches, one could imagine that even greater than 10% if not all T cell clones are potentially alloreactive.
One of the greatest challenges in this study is setting the definition of alloreactive clones without having an in vivo test to know if all clones proliferating in an MLR are indeed alloreactive. Although previous studies performed using our TCR sequencing tool to study alloreactive clones in transplant recipients support the biological relevance of the clones identified (17, 18) , setting definitions such as fold-expansion criteria and minimum-frequency thresholds are hardly straightforward. We believe a fold-expansion criterion is critical to remove highly dominant clones in the circulating pool that likely proliferated by bystander affect and/or were found in the CFSE lo pool due to sorting error. Reassuringly, this approach is supported by our unsupervised clustering analysis, in which we are able to separate the alloreactive and nonalloreactive clones using a method analogous to gating in flow cytometry. While the majority of clones failing our fold-expansion criteria are low frequency, some large clones are inevitably excluded ( Figure 1B and Supplemental Figure 1 ), biasing against considering circulating immunodominant clones as alloreactive. Similarly, although we have algorithms to correct for CD4 and CD8 sorting error, there is still variability in sorting purity as well as in the sorting gates themselves based on the pattern of CFSE dilution. Furthermore, while both naive and memory cells proliferate in an MLR (19) , it is not certain whether their frequency distribution remains constant throughout the MLR, making it possible to sequence more of one subgroup than another. Similarly, other subpopulations of T cells, such as T regulatory cells, may not proliferate as readily as other subsets in an MLR. Other variables to consider include CMV/EBV exposure history (40) (41) (42) and subject age (24) , which likely also play a role in the balance of naive and memory cells and nature of the alloresponse.
Methods
Study design
The aim of this study was to quantitatively characterize the human alloreactive T cell repertoire using high-throughput TCR sequencing. Laboratory and statistical investigations were performed on HLA-typed (allele-level resolution, either via sequence-based typing or sequence-specific oligonucleotides by One Lamda) healthy adult peripheral blood mononuclear cells (HLA results included in Supplemental Table  7 ). Additional analyses were performed on TCR sequencing results from 4 of 5 combined kidney bonemarrow transplant (CKBMT) subjects from the ITN036ST study as described in Morris et al. (17) ; patient samples were provided by the Immune Tolerance Network. There was no randomization or blinding.
Identifying the circulating and alloreactive T cell repertoires
High-throughput TCR sequencing (ImmunoSeq, Adaptive Biotechnologies) of the responder T cells dividing in response to HLA-mismatched stimulators in a CFSE (CellTrace CFSE Proliferation Kit, Molecular Probes, catalog C34554) MLR was performed as described previously (17) . Briefly, responder cells from healthy HLA-typed adults labeled with CFSE dye and violet-labeled irradiated stimulator cells (BD Horizon Violet Proliferation Dye 450, catalog 562158) were cocultured for 6 days. Deep sequencing was performed on genomic DNA extracted from CFSE lo and therefore divided responder T cells isolated via FACS. Sequencing was also performed on unstimulated responder T cells, enabling comparison between the unstimulated and alloreactive T cell populations.
TCR repertoire sequencing and statistical analyses
TCR repertoire sequencing and quality control. CD4
+ and CD8 + sorted T cells were sent to Adaptive Biotechnologies for β-chain profiling according to protocols and standards for sequencing and error correction that comprise their immunoSEQ Platform (24, 43, 44) . In summary, the Adaptive deep sequencing protocol extracts approximately 1,200 ng of T cell DNA. PCR amplification of the CDR3 region is performed using specialized primers that anneal to the V and J recombination cassettes with minimal crossover. Unique molecular identifiers are added during library preparation to track template numbers. After sequencing, a computational pipeline identifies CDR3 nucleotide regions and V and J cassettes. Clonal copy numbers are corrected for sequencing and PCR error based on known error rates and clonal frequencies.
Datasets were downloaded from Adaptive servers and further filtered to correct for CD4 + /CD8 + sorting error using template frequencies from individual clones. A minimum 2-fold difference was required between CD4 + and CD8 + subsets, as previously described in Thome et al. (24) (Supplemental Figure 11) , removing 0.6% of the total clonal population on average, with a maximum of 1.6% consistent with proportions for sorting error.
Defining frequency thresholds for alloreactive populations. Alloreactive populations were further filtered to account for bystander clones that may be erroneously present due to the analog nature of fluorescencebased quantification. To establish an appropriate threshold, sample frequencies of alloreactive and corresponding unstimulated samples were visualized on a scatter plot. A 2D kernel density estimation approach was used to separate the data into clusters of distinct T cell populations, using all clones with frequency greater than 5 × 10 -5 , since low frequency clones were not separable. Different linear cutoff thresholds from 1-to 10-fold change were compared visually for their ability to recreate the cluster pattern (Supplemental Figure 2) . Additionally, for each threshold, a sum frequency was calculated for unstimulated clones also present in the alloreactive population as a way to assess the stringency of the cutoff criteria (Supplemental Figure 9 .) The 2-fold cutoff was most robust across samples, providing a conservative filter for alloreactivity while still retaining the majority of clones by frequency. Finally, clones with frequency less than 1 × 10 -5 in the alloreactive population were removed for some analyses, corresponding to the minimum possible frequency for a proliferated clone in a sample containing 2 × 10 5 sequenced cells. Statistical measures of repertoire diversity. There are many ways of defining the diversity of a population, with each method providing a different representation of the number of species present (richness) and of their relative frequencies (evenness). Shannon entropy weighs both of these aspects of diversity equally, providing an intuitive measure whereby the maximum value is determined by the total size of the repertoire, and entropy values decreases with increasing inequality of frequencies as a result of clonal expansion. The Shannon entropy in a population of N clones with nucleotide frequencies p i is defined by:
A related measure, which we call clonality (17, 21), can be obtained from the normalized sample entropy, defining maximum diversity at 0, when all clones are equally represented, and minimal diversity at 1, corresponding to a population that consists of a single clone:
is the maximum attainable entropy, with all clones sampled at the same frequency, 1/N. To perform these calculations, we used template frequency as a proxy for the cell frequency of each clone in the sample, as described in TCR repertoire sequencing and quality control.
The R20 score measures diversity for the top 20% of the population, indicating the extent to which this population is expanded relative to the bottom 80%. R20 is obtained by first sorting clonal frequencies in decreasing order, then starting with the highest frequency clone and going in decreasing order to compute the fraction of all clones included in the top 20% of templates (T):
where N(T) defines the number of clones that account for T templates.
Modeling the frequency distribution of the TCR repertoire T cell repertoires have consistently been seen to follow a long-tailed distribution, with 2 major subpopulations: a bulk component into which most clones fall and a smaller component consisting of high frequency clones. The bulk component is linear on the log-log scale, and is well described by a power law (23, 45, 46) , defined by y = Kx -S . Taking a logarithm produces the equation of a line log y = −S log(x) + log(K), with exponent S as the slope and log(K) as the intercept.
Data were separated into a power law component and an expanded portion using as a cutoff the second smallest unique expanded clone by frequency. In this study a unique expanded clone is defined as any clone with a unique cell count in the population and no other sampled clones having the same cell count. Linear fits of template counts were calculated for all samples using a maximum likelihood, least squares fit, as computed by the "lm" function in R, applied to the log-transformed data. This fitting procedure produced a value for slope and intercept (K).
While the lowest frequency unique expanded clone was sufficient for most of the data, adding the second-smallest clone improved the accuracy of the slope estimate for several cases where the data were undersampled and the smallest such clone observed was erroneous. Large expansions sometimes created a second unique expanded clone with much higher frequency than the first, and therefore the 2 clones considered were required to be near to one another, with the best results achieved when the log10 distance was less than 1.5. If the distance was larger, only the single lowest frequency clone was used. In rare cases where there were one or fewer total unique expanded clones, either due to a lack of significant expansion or the result of small sample size, the entire dataset was used to perform the fit.
Quantifying repertoire divergence
Interpopulation differences were determined by the JSD (47), which has previously been applied to TCR repertoire analysis (24, 25) . Rather than quantifying unevenness within a population, the JSD provides a measure of dissimilarity between the labeled frequencies of 2 populations. The use of this measure assumes populations initially belong to the same starting pool -observed frequencies of each clone may change, and even be zero, but the comprehensive biological set of clones does not. Alloreactive populations from the same healthy control can therefore be compared by CDR3 nucleotide sequence.
Measuring the sum frequency of alloreactive clones
Initial estimates of alloreactivity were obtained from the frequencies of unstimulated clones observed in both the unstimulated and alloreactive populations. Additional frequencies for unobserved alloreactive clones were inferred using a parametric method.
Parametric method for estimating frequency of unseen clones
Most clones found in the alloreactive TCR population are not observed in the unstimulated population due to the large repertoire diversity relative to sample size. The parametric method uses estimated power law slopes to measure an average frequency for such missing clones.
In this method, power law parameters, S and K, are obtained as described above to fit the subset of unstimulated clones captured in the alloreactive population. An unseen clone is represented by a template count of zero in the power law, which cannot be identified on a log-log scale. However, when these counts are converted into frequencies, the power law can be extrapolated to lower frequency values. A new y intercept is defined by the number of clones, N, observed only in the alloreactive population. A vertical line is extended down from this y intercept to define the x intercept, x*, which represents the average frequency of an unseen clone.
The x intercept can be obtained mathematically from the definition of the slope of a line, with values transformed on the log scale: x* = exp([log(N) -log(K)]/-S). To test the model, we downloaded reference datasets from Adaptive's public repository (https://clients.adaptivebiotech.com/pub/healthy-adulttime-course-TCRB) containing sequenced TCRB Time Course data taken from healthy human peripheral blood mononucleocyte samples. Three subjects were selected, each with 3 samples taken from the same time point. These datasets contained approximately 300,000 clones on average, with 20 million reads per sample (Supplemental Table 8 ). After converting the reads into template counts, ranging from 3 × 10 5 to 9 × 10 5 templates, the data were subsampled into 2 populations, one with 150,000 templates and a second with 45,000, representing the typical numbers of sequenced unstimulated and alloreactive samples in our experiments (Supplemental Figure 13A) . The parametric method was applied to predict unseen species frequencies from CDR3 overlap (Supplemental Figure 13B ). Subsampling and prediction were performed 10 times for each of the 9 samples. Each predicted frequency was compared to the true unseen frequency of clones in the alloreactive population (true frequency -prediction) that was not present in the overlap. Several examples are shown in Supplemental Figure 13C ; results varied slightly based on the initial number of templates in the original sample, and likely the quality of the read fitting, but all fell within a margin of ±3% with only one sample deviating to +4.8% (Supplemental Figure 13D) . Most of the results were very slight overestimates of the true value.
To further assess the reliability of this method, we looked at a pair of biological replicates of alloreactive samples from our dataset, together with the single unstimulated sample from which both derived (Supplemental Figure 14, A and B) . The predicted unseen frequencies of the 2 samples were added together, taking an average for the portion of clones present in both. This result was compared to the frequency prediction from a single sample made by combining the two (Supplemental Figure 14C ). Adding the 2 replicates individually produced an average unseen clone frequency of 0.0166, compared with 0.0151 from the combined sample, an overestimate of of 0.15% demonstrating the precision of this approach.
Statistics
Unpaired t tests were used for comparisons across alloreactive and unstimulated samples. Paired t tests were used for analyses of paired CD4 + /CD8 + samples. Significance was defined as a P value of 0.05 except where specifically noted in Figure 3 , D-G, where the P value threshold was set at 0.01 based on Bonferroni's correction to adjust for multiple comparisons. Wilcoxon's test was used for analysis of S in paired CD4 + /CD8 + samples ( Figure 4E ). Statistical tests were performed with GraphPad Prism. All TCR sequencing analyses were performed in R.
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